ABSTRACT: Visualizing the dynamical response of material hetero-interfaces is increasingly important for design of hybrid materials and structures with tailored properties for use in functional devices. In-situ characterization of nanoscale hetero-interfaces such as metalsemiconductor interfaces, which exhibit a complex interplay between lattice strain, electric potential and heat transport at sub-ns timescales, is particularly challenging. In this work, we use a laser pump/x-ray probe form of Bragg coherent diffraction imaging (BCDI) to visualize in 3D the deformation of the core of a model core/shell semiconductor-metal (ZnO/Ni) nanorod following laser heating of the shell. We observe a rich interplay of radial, axial and shear deformation modes acting at different timescales that are induced by the strain from the Ni shell.
We construct experimentally informed models by directly importing the reconstructed crystal from the ultrafast experiment into a thermo-electro-mechanical continuum model. The model elucidates the origin of the deformation modes observed experimentally. Our integrated imaging approach represents an invaluable tool to probe strain dynamics across mixed interfaces under operando conditions. Keywords: ultrafast x-ray imaging, metal/semiconductor interface, nanostructure, core/shell TOC image:
Semiconductor-metal interfaces and core-shell nanostructures are ubiquitous and have attracted significant attention due to their optoelectronics, 1 catalysis, 2,3 and sensor 4 applications, to name a few. In typical optoelectronic applications, the metallic component improves charge separation and enhances absorption of light in the semiconductor during photo-stimulation, which in turn improves the photocatalytic and light harvesting efficiency of the semiconductor. 5 Similarly, electronically reconfigurable metal-on-silicon metamaterials have been recently developed to manage electromagnetic wave propagation while acting simultaneously as electrical Schottky contacts to control the local conductivity of the semiconductor substrate. 6 Metalsemiconductor interfaces are also important from a materials stability perspective; one of the most important metal-semiconductor interface problems relates to the adhesion of metal films to substrates such as glass or silicon. A detailed understanding of the interfacial layers and intercolumnar structures is crucial to understand the origin of the internal stresses that lead to cracking or delamination of the films.
More recently, efforts have focused on strain engineering of such core-shell nanostructures to enhance the performance of existing devices or to design new devices. For instance, previous studies have shown potential applications of metal-ZnO nanostructures in electronic devices acting as piezoelectric field effect transistors (FETs). 7 In such devices, metal electrodes at the ends of ZnO wire can apply a bending force to nanowire, and the piezoelectricity induced by straining the wire acts as a gate to control the electric current flowing through the nanowire. 8 A similar approach has been used in the design of piezoelectric diodes and switches. 9 There exists a semi-conductor/metal interface in each of these cases, where the deformation of ZnO semiconductor is modulated by the constraining metal electrodes.
Consequently, the ability to image in-situ the deformation of these nanostructures in metalsemiconductor devices is vital for the design of devices with improved response.
Notwithstanding the remarkable progress made over the last decade in the design and synthesis of semiconductor-metal interfaces and core-shell based functional devices, an understanding of the intricate coupling between the strain fields, charge distribution, and mechanical deformation modes originating at the hetero-interfaces is lacking, especially at the nanoscale and under dynamic conditions.
Various spectroscopy, microscopy and scanning probe techniques are available to characterize metal-semiconductor systems. Direct imaging of the structure and dynamics occurring in semiconductor-metal interfaces, however, still represents a major challenge.
Microscopy techniques such as transmission electron microscopy (TEM) represent powerful tools to image the cross-sections of hetero-interfaces and have been used in the past to reveal inhomogeneities in the interfacial phases, 10 the epitaxial relationship 11 the bonding structures, or the existence of thin intervening layers (e.g. metal filaments in semiconductors in emerging neuromorphic systems). 12 While these techniques are extremely good at probing the local nanostructure, obtaining the full 3D structural information as well as underlying dynamics, especially at ultrafast timescales, with them is challenging. For example, while ultra-fast TEM can provide information on picosecond timescales, it is subject to a narrow field of view and to thin samples. 13 In contrast, Bragg coherent diffraction imgaging (BCDI) measurements provide full 3D structural and lattice strain information in crystals ranging in size from tens of nanometers to micrometers, at lower resolution than TEM however. 14 When performed stroboscopically in an optical pump-x-ray probe setup, BCDI can provide 4D information of the evolving strain within a crystal or grain with few picosecond time resolution. [15] [16] [17] Here, we demonstrate an integrated direct approach to visualize the 3D strain dynamics in a model metal (Ni) -semiconductor (ZnO) nanoscale interface subject to ultrafast laser heating.
We use BCDI to image the constrained deformation of the ZnO following ultrafast laser excitation of a Ni-ZnO nanocrystal. We integrate the 3D nanocrystal hetero-structure reconstructed from the ultrafast x-ray measurements with a continuum thermo-electromechanical finite element model to resolve sub-nanosecond dispersion behavior and development of spatially varying strain fields during the propagation. Our work provides unprecedented insight into the energy transfer and thermal stress relief in the context of metalsemiconductor interfaces. Fig. 1 shows the setup for the ultrafast CDI experiments which we performed at beamline 7-ID-C at the Advanced Photon Source (APS). 18 ZnO nanorods coated with Ni on a Si substrate (see
Methods)
were placed on a sample stage at the center of a diffractometer. A laser system (Coherent Micra Ti:sapphire) with a repetition rate of 88 MHz was used to generate ~20 fs 800 nm optical pulses which were focused down to a spot size of ~15 µm with a Mitutoyo objective lens. Optical pulses were synchronized to the x-ray pulses of the APS and timed electronically to arrive at the sample at specified temporal offsets from the probe x-ray pulses. The x-ray pulses were focused by a Kirkpatrick-Baez mirror pair to a 15 µm spot on the sample with a transverse coherence length of 10 µm, larger than individual crystals. The APS was operated in 324 bunch mode with a temporal spacing of 11.37 ns between x-ray pulses, which matched the laser repetition rate. The x-ray photon energy was set to 9.0 keV using a diamond (111) monochromator. 19 Diffracted x-ray pulses were collected by an Amsterdam Scientific Instruments (ASI) Timepix detector in the specular (002) Bragg geometry. 20 See Methods for further details. This diffraction geometry and position of the laser source relative to the sample substrate were chosen so that the optical pulses preferentially heat the top of vertically aligned core/shell ZnO/Ni wires. Supplementary Fig. S1 shows representative electron microscope images of vertically aligned ZnO nanorods coated with Ni.
By employing iterative phase retrieval algorithms 21, 22 , the complex 3D electron density ( ) was retrieved from the diffraction data, which was oversampled by at least a factor of 2 in all directions (see Methods). The recovered phase ( ) yielded a projection of the atomic displacement field onto the reciprocal lattice vector of the measured Bragg peak 23 . The phase of the image is related to the distortion of the lattice through the relationship = . ( ) where ( ) is the atomic displacement and is the scattering vector. To perform the pump-probe experiments, the sample was excited with a laser pulse at time t laser . The sample was subsequently probed with an x-ray pulse arriving at a predetermined time t xray . From the 3D diffraction pattern obtained at t xray , the structure and lattice displacement in the crystal were obtained. By varying the delay between the laser and x-ray pulses ( = -./0 − 2/34. ), it is possible to image the time-varying structure and displacement field in the crystal. 16, 24 The arrival time of the laser and x-ray pulses were independently measured by a fast photodiode.
To provide further insight into the physical processes underlying the observed time-varying deformation field within the imaged crystal and a detailed characterization of the fundamental deformation modes, we imported the x-ray Coherent Diffractive Imaging (CDI) reconstructed crystal structure of the ZnO core as an input to the simulation model. We further surround the We first turn our attention to the overall behavior of the ZnO (002) Bragg peak as a function of time. Since the incident laser wavelength of 800 nm (1.55 eV) is less than the bandgap of ZnO (3.37 eV), the observed response of the ZnO nanorod is purely due to induced deformation from the rapidly deforming Ni shell. To understand the origin of these deformation modes and to shine light on the influence of the Ni shell which cannot be imaged experimentally, we import the imaged crystal structure into a thermo-piezo-mechano FEM model that inherently captures the complex, correlated processes occurring at these short length and time scales both in the ZnO core as well as the Ni
shell. An integrated approach combining CDI experiments with suitable simulation models can provide crucial insights into the underlying physics of materials behavior under non-equilibrium conditions. Such an experiment-aided simulation design has been successfully used in the past to investigate chemical reactions on nanocrystal surfaces 25 and lattice deformation mechanisms upon laser excitation. 26 In a previous study, 26 we demonstrated that the Fourier transform of the displacement field obtained upon pulse heating (Fig. 3b-g CDI) is equivalent to solving the eigen-frequency problem for the deformation modes. We had seen that both methods identify similar for a quantitative evaluation of how varying the uniform Ni shell thickness affects the fundamental deformation modes of the ZnO core).
In conclusion, we have studied the deformation behavior of a core/shell ZnO/Ni heterostructure following laser heating of the Ni shell using x-ray diffraction imaging and continuum modelling. We imaged in full 3D, the dynamic lattice displacement following optical excitation with a temporal resolution of 100 ps. The ZnO core showed a variety of deformation modes and we identified a number of shear modes. Through integration with a continuum model, we show that the observed deformation modes in the ZnO core are induced by the thermal expansion of the Ni shell. The ability to image rapidly varying strain states within materials in full 3D is indispensable to understanding material deformation, particularly in extreme environments.
Furthermore, this study has wider ramifications for the study of thermal transport across metalsemiconductor interfaces and thermal stresses so induced. from the sample. This distance was chosen so that the diffraction pattern was sufficiently oversampled. Subsequently, the slices through the 3D diffraction were stacked in a 3D array and input to the phase retrieval algorithm to obtain the real-space structure and lattice strain. This procedure was repeated for each delay ( ). To obtain the real-space images, 620 iterations of alternating ER+HIO were used starting from a random initial guess. 27 This was sufficient to converge to an error of <1% between the diffraction intensities corresponding to the reconstructed images and the experimentally measured intensities. It has been shown that in two or more dimensions a multiplicity of solutions is pathologically rare. 28, 29 The spatial resolution of the reconstructions so obtained, was found to be ~90 nm as defined by the phase retrieval transfer function (PRTF) computed from the average of ten random initializations of the phasing algorithm. 30, 31 At the beginning of each rocking scan, the spatial overlap of the 
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Supporting information:
Details of the finite element model, an analysis of the shell dependence and a description of accompanying movies are included in the supporting information.
